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FOREWORD 


This  report  was  prepared  under  Air  Force  Contract  Number 
AF  08(635) -2155,  "Study  of  Target  Penetration  Prediction  By  High 
Speed  and  Ultra  High  Speed  Ballistic  Impact.  "  Work  was  administered 
under  the  direction  of  APGC  (PGWRT),  Eglin  Air  Force  Base,  Florida, 
with  Mr.  A.  G.  Bilek  as  Project  Engineer. 


Catalog  cards  may  be  found  in  the  back  of  this  document. 


abstract 


The  main  effort  during  this  report  period  has  been  directed  toward 
"cleaning  up"  the  empirical  data  used  in  the  statistical  analyses.  An 
analysis  of  1,034  shots  divided  into  768  "high"  velocity  shots  and  266 
"low"  velocity  shots  shows  that  about  90 %  of  the  variation  in  penetra¬ 
tion  depth  may  be  explained  by  a  simple  power  law  formula  utilizing  four 
or  five  independent  variables  including  a  target  strength  parameter. 
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The  purpose  of  this  study  is  to  gather  and  assemble  existing  data  on 
ballistic  impact  and  on  material  failure,  especially  at  high  impact  veloc¬ 
ities  or  large  loading  -  to  establish  the  relative  importance  of  such 
factors  as  projectile  velocity,  mass,  prejectile-target  strengths,  duc¬ 
tilities,  densities,  compressibilities,  etc.,  and  to  use  this  information 
to  deduce  the  mathematical  relationships  of  critical  factors  as  the  target 
structure  responds  to  impact  and  is  penetrated. 

Existing  experimental  data  relative  to  ballistic  impact  at  high 
velocities  are  being  analyzed  on  a  statistical  basis  through  the  use  of 
a  digital  computer.  The  general  form  of  the  statistical  approach  was 
outlined  in  the  First  Quarterly  Report. ^  A  preliminary  analysis  of  the 
correlation  between  depth  of  penetration  and  ten  independent  variables 
was  reported  in  the  Second  Quarterly  Report2  and  discussed  more  fully  in 
the  Third  Quarterly  Report^.  In  the  Fourth  Quarterly  Report4,  1,275  ex¬ 
perimental  shots  were  divided  into  two  groups,  according  to  whether  the 
impact  velocity  lay  below  or  above  the  bulk  wave  velocity  in  the  target 
material.  Separate  analyses  of  the  two  groups  showed  interesting  rela¬ 
tionships  with  existing  theoretical  and  experimental  equations. 

In  addition,  the  general  areas  of  ballistic  impact  and  material 
failure  are  being  investigated  in  order  to  develop  relationships  which 
may  be  tested  against  existing  experimental  data.  Some  general  aspects 
of  target  behavior  under  ballistic  impact  were  discussed  in  the  Second 
Quarterly  Report,  and  some  justification  was  given  for  the  use  of  static 
or  quasi-static  material  parameters  in  the  initial  statistical  analysis. 
Initial  attempts  to  formulate  a  theoretical  model  for  the  purpose  of 
testing  accumulated  experimental  data  were  outlined  in  the  Third  Quarterly 
Report.  In  the  Fourth  Quarterly  Report,  a  semi-rational  penetration  ex¬ 
pression  was  developed  which  suggests  that  the  nonrecoverable  target 
compression  and  shear  strain  energies  may  account  for  most  of  the  projectile 
kinetic  energy. 


EMPIRICAL  MODEL 

Both  the  "high"  and  the  "low"  velocity  sets  of  data  which  were  used 
in  the  previous  progress  report  to  evaluate  the  kj  in  equations  of  the  form 


k^  k2  kg 

pc/  =  ko v  /n  /3P  . 

p 


1 


have  been  "cleaned  up"  according  to  the  method  previously  outlined.  The 
equation 


-3  1.06  -.365  .984  .400  .586  .010  .035  .252 

Pc/d  =  8.43  x  10  v  /Ot  St  It  et  Vp  Ct 


which  was  taken  from  Table  III  of  the  previous  progress  report,  was  used 
to  calculate  the  depth  of  penetration  for  each  of  the  "low"  velocity  shots. 
The  calculated  penetration  depth  was  compared  with  the  measured  penetration 
depth  and  a  per  cent  error  was  calculated.  All  shots  with  an  error  greater 
than  50#  were  then  scrutinized  in  an  effort  to  spot  recording  or  computer 
errors.  In  addition,  the  small  number  of  shots  in  which  the  temperature 
of  the  target  or  the  impact  angle  were  other  than  ambient  and  90°,  respec¬ 
tively,  were  eliminated. 

After  "cleaning", a  total  of  1,034  shots  remained,  of  which  768  are 
classified  as  "low"  velocity  and  266  are  classified  a6  "high"  velocity. 
Since  it  is  possible  to  prove  almost  any  result  by  the  indiscriminate 
omission  of  conflicting  data,  the  elimination  of  data  must  be  analyzed 
quite  seriously.  A  careful  breakdown  of  all  data  eliminated  and  plots 
of  the  new  distributions  of  target  materials  as  a  function  of  impact 
velocity  will  be  given  in  the  next  progress  report.  However,  the  final 
results  of  four  runs  on  each  of  the  new  "high"  and  "low"  velocity  sets 
are  shown  in  Tables  1-8. 

The  multiple  correlation  coefficients  in  Tables  1-8  shdw  that  using 
four  independent  variables  (ie:  v,  /O  ,  S, ,  and yO )  it  is  possible  to 
explain  92#  of  the  variation  in  penetration  depth  using  the  low  velocity 
data  and  87#  of  the  variation  in  penetration  depth  using  the  high  velocity 
data. 


The  general  conclusions  made  in  the  previous  progress  report  apply 
to  Tables  1-8  with  the  major  exceptions  that  penetrations  show  a  high 
velocity  dependence  on  yO  closer  to  2/3  than  l/3  and  that  the  role  of 
yo^  appears  more  well  defined.  A  more  complete  discussion  of  results  will 
be  postponed  until  the  next  report. 

Future  work  will  be  pointed  toward  the  use  of  the  "cleaned  up"  data 
to  check  the  equations  developed  under  the  present  contract  and  to  test 
other  theories  and  empirical  equations. 


2 


o 


'O 

X 


in 

X 


V 


\ 


co 

X 


to 


CN 

X 


a 


o 

a. 


J3 

ro 

H 


C  -P 

o  c 

®T*  4 
rH  +J  -H 

a  <*  o 

•H  «H 
+»«>♦< 
-h  h  *♦< 
3  b  « 

Moo 

a  a 


r~ 

x 


3 

o> 


N3 

x 


in 

x 


ro 

x 


CM 

X 


X 


o 

X 


in 

co 

co 


8 

o 


o 

I 


r- 

co 

f 


03 

i — l 

r— < 

o 


in 

in 

in 

o 

in 

CN 

CN 

CN 

o 

CN 

o 

• 

O' 

• 

O' 

• 

O' 

• 

p* 

e 

s 


$ 

o 


in 

in 


p- 

f" 

O' 


in 

CN 


$ 

o 


'O 

o 

in 

'if 

CN 

in 

'if 

X 

CO 

CO 

CO 

ft 

* 

• 

1 

i 

i 

o 

in 


00 

r» 

o 


8 

CO 


p- 

in 

•<r 


O' 

p* 

CO 


O' 

p- 

0> 


in 

H 

O' 


in 

CN 

00 


O' 

p* 

p- 

CO 

o 

•o 

p~ 

O' 

o> 

O' 

CN 

ao 

0 

oo 

• 

00 

• 

00 

ft 

oo 

• 

• 

§ 


CN 

P- 


O' 

CO 


in 

CN 

o 


3 


c  +> 

0  c 

«  Tt  0) 

iH  +•  *H 

a  <•  u 

<o 

o 

CO 

co 

o 

in 

■H  H  *H 

rH 

O' 

O' 

O' 

co 

CM 

+»  4>  M* 

o 

CO 

CO 

CO 

CO 

i" 

H  l<4( 

• 

• 

» 

• 

• 

• 

3  « 

S  O  O 

u  u 

in 

f"  •“ < 

M  V 


CO 

i n 

f" 

in 

co 

CM 

O' 

r- 

in 

O' 

in 

in 

rl 

CM 

CM 

•  •  • 


00 

co 

H 

H 

00 

H 

r- 

• 

O' 

vO 

'O 

J* 

H 

• 

• 

# 

1 

1 

1 

i 

r* 

t" 

o 

3 

'O 

CM 

00 

H 

CO 

CO 

co 

• 

• 

• 

• 

f- 

M 

CM 

fH 

H 

H 

9 

1 

1 

1 

1 

1 

<fl 

+> 

>> 

r-< 

> 

o 

CO 

'O 

C" 

00 

oo 

XO 

o 

in 

CM 

+> 

a; 

CM 

o 

<> 

O' 

O' 

00 

00 

•H 

O 

-* 

• 

H 

• 

• 

• 

• 

0 

O  II 


(U 

> 

a> 

o 

-i 

c 


> 

o 

CO 

O' 

o 

00 

M3 

\ 

H 

H 

CM 

CM 

O' 

o 

CM 

o 

co 

00 

CO 

f' 

O 

a. 

• 

• 

• 

• 

• 

• 

e 

CM 

a»  in 


H 

x> 

H 

in 

co 

00 

CM 

O 

w 

O 

• 

• 

• 

O 

• 

• 

H 

-X 

CO 

CM 

CM 

O 

CO 

O' 

H 

H 

4 


5 


Table  4,  "Low"  Velocity  Data  Evaluation  of  the  Coefficients  k  in  the  Equation 
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